Escherichia coli O157 : H7 cells that interact with intestinal epithelial cells in animals and humans do so after passage through the low pH of the stomach. This study compared adherence and its associated virulence gene expression in acid-treated (AT) and non-acid treated (NAT) E. coli O157 : H7 strain 86-24 in vitro and in ligated pig intestine. It was found that in vitro, AT O157 : H7 had significantly decreased adherence accompanied by decreased expression of stcE and toxB but not of the locus of enterocyte effacement (LEE) genes. Expression of gadE, genes involved in quorum sensing, and the global regulators cyaA, hfq, lrp, fis and himA was significantly increased; notably, ureD expression was increased 29-fold compared with NAT O157 : H7. AT O157 : H7 colonized the pig intestine as effectively as NAT O157 : H7 bacteria. Expression of 70 of 72 virulence genes from bacteria recovered from the intestine was similar between AT and NAT O157 : H7, except ureD, pagC and bax, whose level of expression was reduced in the AT bacteria. Genes involved in acid response, regulators gadE, cyaA and hfq, and toxin synthesis genes (stx2A and stx2B) were expressed at significantly reduced levels in the intestine by both AT and NAT strains. Expression in the intestine of the LEE and putative adhesion factors cahA, iha and lpf2 was at levels similar to those in vitro, while ehaA and ureD in NAT O157 : H7 were expressed significantly more highly in vivo than in vitro. These data indicate that AT and NAT O157 : H7 behave differently, and that expression of their virulence genes is regulated differently in vitro from in vivo.
INTRODUCTION
Enterohaemorrhagic Escherichia coli (EHEC), represented by the serotype O157 : H7, have emerged as important pathogens over the last three decades (Karmali et al., 2010) . EHEC O157 : H7 can colonize the intestine of humans and cause severe clinical manifestations, such as haemorrhagic colitis (HC) and haemolytic-uraemic syndrome (HUS) (Manning et al., 2008) . The bovine gastrointestinal tract (GIT) is the principal reservoir of EHEC O157 : H7 (Grauke et al., 2002) , and outbreaks of EHEC disease are due to the consumption of contaminated water and foods, such as beef, lettuce, spinach, sprouts and juice, and by direct animal contact (Ferens & Hovde, 2011; Kulasekara et al., 2009) . the locus of enterocyte effacement (LEE) (Elliott et al., 1999) , which encodes a type III secretion system that secretes proteins involved in signal transduction and subversion of host cell functions, as well as the adhesin molecule intimin and its receptor (Tir) required for intimate host cell interaction (Elliott et al., 1999) . Another key virulence characteristic is the production of one or more Shiga toxins (Stxs), also called verotoxins. Stx is responsible for the tissue damage that leads to HC and HUS (Karmali et al., 2010) . Potential virulence factors include chromosomally encoded tellurite resistance (Te R ), urease, Ent, NleA, NleB and NleD, and putative adhesins Efa1 (EHEC factor for adherence 1), Iha (IrgA homologue adhesin) and EhaA (EHEC autotransporter) (AIDA 15 ) (Wells et al., 2008; Yin et al., 2011b) . EHEC O157 : H7 lacks a full-length efa1 gene, but contains a truncated version of efa1 in the O-island (OI)-122, efa19-a (Z4332) and efa19-b (Z4333), whose expression and function in virulence have not been determined (Badea et al., 2003) . EHEC O157 : H7 possesses pO157, a non-conjugative plasmid that encodes several putative virulence factors, including ToxB, EHEC haemolysin (Ehx) and a protease, StcE (Grys et al., 2005; Kaper et al., 2004; Lim et al., 2010) .
EHEC O157 : H7 exhibits high acid resistance (AR) and can survive in highly acidic environments, such as the human stomach (pH 1.5-3.0), other areas of the GIT containing high levels of organic acids, and acidic foods (Benjamin & Datta, 1995) . This property is considered a virulence factor that contributes to its low infectious dose of ,100 cells (Gyles, 2007) . Three AR systems exist in E. coli O157 : H7 (Lin et al., 1996) , consisting of: AR1, the glucose-repressible oxidative pathway; AR2, the glutamate decarboxylase (GAD); and AR3, the arginine-based system. AR1 is the least understood and requires RpoS (s S ) (Foster, 2004) . The GAD system is the most effective (Castanié-Cornet et al., 2007) . Essential components of GAD include GadA/B and GadC (Hersh et al., 1996) . Regulation of the GAD system is complex, involving GadE, the central activator of multiple regulatory circuits (Foster, 2004; Kailasan Vanaja et al., 2009) . The adiA locus encodes arginine decarboxylase and is responsible for AR3 (Lin et al., 1996) . Recently, a urease operon has been described in EHEC O157 : H7 and suggested to play a role in AR and in bacterial colonization of the intestine (Steyert et al., 2011; Yin et al., 2009b) .
Virulence factors are important for the establishment of infection and the disease process. However, it is not well understood how acid stress affects EHEC O157 : H7 virulence and its associated virulence gene expression. There is much information on the adherence of EHEC O157 : H7 in vitro (House et al., 2009; Olesen et al., 2010; Tatsuno et al., 2003) and much less on adherence in vivo. One of the in vivo systems that has been used to study EHEC O157 : H7 adherence is the ligated pig intestine (Yin et al., 2011b) . In natural infection, EHEC O157 : H7 is thought to pass through the acid environment of the stomach before expressing virulence genes in the lower intestine, but there is no information on the effect of this acid exposure upon adherence and virulence gene expression in the lower intestine. This study was therefore designed to assess the effect of previous acid exposure on adherence and virulence gene expression of EHEC O157 : H7 in vitro and in vivo.
METHODS
Bacterial culture conditions, tissue cells and reagents. We used strain 86-24, a clinical isolate of EHEC O157 : H7, for this study. For acid exposure, the bacteria were added to Luria-Bertani (LB) broth at pH 2.5 (adjusted by addition of HCl) and kept at 37 uC with shaking for 3 h (Camilleri et al., 1989) , pelleted by centrifugation, resuspended in brain heart infusion (BHI) broth plus NaHCO 3 at a final concentration of 44 mM (BHIN), and incubated without shaking at 37 uC overnight before they were used in adherence assays and ligated pig intestine experiments. These bacteria are referred to as acidtreated (AT) bacteria. Bacteria without prior exposure to the low pH (non-acid-treated; NAT) were grown in parallel and used as a control.
HEp-2 (ATCC CCL23) cells were maintained in Eagle's Minimal Essential Medium (EMEM) (Invitrogen), and IPEC-J2 pig jejunal epithelial cells (Yin et al., 2011a) were maintained in Dulbecco's Modified Eagle's Medium (DMEM; Invitrogen). Both media were supplemented with 10 % FBS, penicillin (100 IU ml 21 ) and streptomycin (100 mg ml 21 ). BHI broth was purchased from Fisher Scientific.
In vitro adherence assay. Bacteria were grown in 3 ml BHIN in a 12 ml sterile plastic tube (Fisher Scientific) that was capped tightly and incubated statically overnight (16-18 h). The density of the cell cultures was adjusted photometrically so that cultures contained 5610 8 c.f.u. ml 21 prior to their use in the assay.
HEp-2 and IPEC-J2 cell adherence assays and quantification of bacterial adherence were conducted as described previously (Yin et al., 2011a) . Briefly, approximately 2610 5 HEp-2 or IPEC-J2 cells per well were dispensed in six-well cell culture plates (Corning) and grown in EMEM or DMEM, respectively, overnight in the presence of 5 % CO 2 . The cell monolayers at~50 % confluency were washed and replenished with fresh EMEM (800 ml per well) without antibiotics. The cells were infected with a 20 ml volume of the overnight bacterial culture containing approximately 10 7 c.f.u. with or without prior exposure to pH 2.5. After incubation for 6 h at 37 uC in 5 % CO 2 with a medium change at 3 h, the plates were washed with PBS to remove unbound bacteria, fixed with 70 % methanol, stained with 1 : 40 Giemsa (Sigma), and examined by light microscopy. Adherence was quantified by examining 100 consecutive cells per well and recording the percentage of HEp-2 or IPEC-J2 cells with clusters of 5-9, 10-19 and .19 bacteria. The percentage of cells with at least five adherent bacteria per cell was calculated as a measure of total adherence. Data are expressed as the mean of at least three separate experiments±SD.
Pig ligated intestine experiments. AT and NAT O157 : H7 strain 86-24 bacteria were grown in BHIN at 37 uC overnight statically, concentrated by centrifugation, and resuspended in EMEM containing 10 % FBS to prepare an inoculum of approximately 5610 10 c.f.u. ml
21
.
A total of 63 12 to 14 day-old female pigs were used, with two or three pigs from the same litter being used each time surgery was done. The pig gut loop procedures were as described previously (Yin et al., 2011a) . A 2 ml volume of inoculum containing 1610 11 c.f.u. of the test organisms was injected into the lumen of the ileal loops through a 25-gauge needle. One loop received the negative control mutant Adherence of acid-resistant E. coli O157 : H7 86-24DescN (Yin et al., 2009b) , and one loop received EMEM. After inoculation, the ileum was placed back into the abdomen and the laparotomy incision was closed.
The pigs were euthanized by an overdose of pentobarbital 15-16 h after inoculation of the loops, and pieces of the intestinal loops were quickly excised for histopathological examination. Sample preparation and procedures were as described previously (Yin et al., 2009a) . After Giemsa staining of the tissue sections of a total of four pieces from each loop, all villi in these sections were examined by light microscopy to determine the percentage of villi with adherent bacterial clusters (¢5 bacteria). The score for each treatment was calculated as the mean percentage (±SD) of villi with adherent bacterial clusters for all loops subjected to the treatment. The loop contents together with tissue, which was cut into small pieces, were collected in RNAlater (Ambion) and treated at 4 uC overnight. Before RNA isolation, the RNAlater-treated loop contents were vortexed vigorously to release attached bacteria from the tissue. The final suspension, which contained both bacteria attached to epithelial cells and bacteria from the lumen, was subjected to RNA isolation. The experimental protocol and the care of the pigs were approved by the University of Guelph Animal Care Committee.
RNA isolation. Bacteria were cultured overnight under the same conditions as those used for the in vitro adherence assays, and were harvested by centrifugation and resuspended in 2 ml RNAlater. The suspensions were incubated at 4 uC overnight before RNA isolation. Bacterial total RNA was isolated using the RiboPure-Bacteria kit protocol (Ambion), with some modifications. Briefly, samples in RNAlater from both bacterial cultures and pig loop contents were mixed with equal volumes of PBS and centrifuged at 5000 g for 10 min. The bacterial pellets were resuspended in RNAwiz (lysis buffer), transferred to 2 ml screw-capped tubes containing~500 ml Zirconia beads, and subjected to bead-beating by a Mini-Beadbeater (Bioscience Products) for 90 s twice with cooling on ice for 2 min in between. Subsequent steps for RNA isolation and purification and DNase I treatment were followed according to the manufacturer's protocol. The extracted RNA was treated several times with DNase I until it was confirmed to be free of genomic DNA contamination, as determined by PCR using RNA as the template. Total RNA was quantified by a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies), and RNA quality was visualized by agarose gel electrophoresis.
RT-PCR and quantitative PCR (qPCR). First-strand cDNA was synthesized from a 1.0 mg quantity of the DNase I-treated bacterial total RNA using SuperScript II reverse transcriptase with 100 ng random primer pd(N)9 according to the procedures recommended by the supplier (Invitrogen).
qPCR was performed using a Stratagene Mx3005p thermal cycler and iTaq SYBR Green Supermix with ROX (Bio-Rad). The cDNA was diluted fivefold, and 1 ml of each diluted sample was added to a 25 ml reaction mixture, which contained 16 Supermix (containing SYBR Green I and ROX dyes, dNTPs and 3 mM MgCl 2 ) and 150 nM of each primer. The program was 4 min at 95 uC, then 40 cycles of 95 uC for 30 s, 53-59 uC (depending on primers used) for 30 s, and 72 uC for 30 s. On completion of amplification, a dissociation curve was made by holding the reaction at 95 uC for 1 min and ramping down to 55 uC for 30 s and then ramping up from 55 to 95 uC at the rate of 0.2 uC s 21 . Fluorescence was measured after each annealing. The gene for 16S rRNA was used as an internal control (Yin et al., 2011b) . Relative mRNA levels of genes of interest were determined and normalized to 16S rRNA using a modified 2^D DCt method (Livak & Schmittgen, 2001 ). The qPCR data are expressed as the changes in expression levels in AT O157 : H7 compared with the levels in NAT O157 : H7 bacteria in vitro.
Inhibition test. To test whether the RNA isolated from the contents of pig intestine contained inhibitors of enzymic reactions, RNA and cDNA from bacteria grown in BHIN were mixed with RNA and cDNA, respectively, from the contents of control loops, and analysed for cDNA synthesis and qPCR amplification as described previously (Yin et al., 2011b) .
Statistical analysis. All analyses were performed with SAS for Windows version 8.02 (SAS Institute). The in vitro adherence to cultured cells was compared by analysis of variance of the percentage adherence of clusters with 5-9, 10-19 and .19 bacteria per cell, as well as the total percentage adherence (¢5 adherent bacteria per cell) using PROC GLM. Relative mRNA levels of genes of interest were similarly analysed for each treatment group of four to six biological replicates. Tukey's test was used for the multiple comparisons. P values ¡0.05 were considered significant.
RESULTS
Acid exposure decreases adherence of EHEC O157 : H7 strain 86-24 to IPEC J2 and HEp-2 cells
After the 3 h low-pH treatment, the viable cells were a small percentage of the inoculum (2.9610 2 bacteria compared with an inoculum of 8.5610 8 cells). Therefore, the AT bacteria were then cultured in BHIN overnight and used the next day in the adherence assay with IPEC-J2 and HEp-2 cells. This low-pH treatment resulted in a reduction in total adherence and in large cluster formation, with an increase in small clusters on HEp-2 cells compared with NAT cells (Fig.  1) . With IPEC-J2 cells, there was a reduction in large cluster formation and an increase in medium clusters in the AT bacteria (Fig. 1) . Previous studies indicate that, over time, small clusters become converted to large clusters.
Acid exposure does not affect the extent of bacterial colonization and AE lesion formation in pig ligated intestine
The AT bacteria were left in the pig ligated intestine for 16 h, and colonization and AE lesion formation by AT bacteria were compared with those of NAT bacteria. The typical light-microscopic appearance of the clusters of EHEC O157 : H7 strain 86-24 on villi in the ileal loops is shown in Fig. 2 . The negative-control strain 86-24DescN caused no adherence to the ileum. AT and NAT bacteria adhered in 100 % (14 of 14) and 84 % (26 of 31), respectively, of pigs that had adherent bacterial clusters. In the pigs that had adherent bacterial clusters, the mean±SD percentages of villi with bacterial clusters were 23.4±15.5 % and 30.2±20.2 % respectively, for the AT and NAT bacteria; the difference was not significant (P.0.05).
Effect of acid exposure on expression of virulence-related genes in AT versus NAT O157 : H7 in vitro Survival of E. coli O157 : H7 following acid exposure requires AR pathways to protect the cells, and may involve as-yet-unidentified proteins. To investigate the underlying mechanisms of acid exposure that affect adherence differentially in vitro and in vivo, a set of 72 genes, including those encoding known AR systems, additional virulence and potential virulence factors, and regulatory proteins that might influence the acid-resistant phenotype, were examined by qPCR (Supplementary Table S1 ).
The glutamate-dependent acid resistance (GDAR) system and ureD. These genes were highly expressed in AT bacteria. Transcripts for ureD, encoding one of the four accessory proteins required for urease activity, were increased 29-fold in AT compared with NAT bacteria, while expression of ureC, which encodes the major structural urease protein, was not changed by the acid treatment (Table 1) . As expected, expression of gadA and gadC of the GDAR system was increased~11-fold by acid exposure (Table 1 ). The key regulator of this system is gadE, which was increased 4.2-fold. Transcripts for gadX, gadW, evgA and mnmE, the upstream regulators of gadE, were also increased ( Table 1 ). The level of adiA transcripts of the AR3 system was not changed (Table 1 ). The rpoS gene of the AR1 system was slightly increased (1.8-fold) ( Table 1) .
LEE and other adherence-related genes. Since the AT bacteria showed decreased adherence, genes related to adherence were evaluated. Expression of the LEE genes eae, tir, espA and espD, as well as the key regulator ler located in LEE1, was not affected following the acid treatment (Table  1) . Although a decreasing trend was observed for expression of tir and ler, the difference was not significant (Table 1) .
Genes toxB and stcE, encoding a putative adhesin and a metalloprotease, respectively, are both implicated in E. coli O157 : H7 adherence. Transcripts of these two genes were significantly decreased in AT bacteria (Table 1) . Genes encoding other adherence-related proteins, including ehaA, cahA, iha and lpf, were not affected by the acid treatment (Table 1) .
Quorum sensing (QS) and global regulators. QS not only regulates adherence of E. coli O157 : H7 but also is involved in AR in the intestine of cattle (Hughes et al., 2010) . Transcripts of the QS genes qseB/C, qseE/F and luxS were increased in AT bacteria (2.96-, 2.41-, 2.93-, 2.4-and 2.63-fold, respectively) compared with NAT bacteria, while transcripts for sdiA and qseA were not changed by the acid treatment (Table 1) . Adherence of acid-resistant E. coli O157 : H7 The global transcriptional regulators cyaA and lrp encode adenylate cyclase, which controls cAMP synthesis, and leucine-responsive regulatory protein Lrp, respectively (Brinkman et al., 2003) . Acid treatment increased cyaA and lrp mRNA levels by~3-and~2.6-fold, respectively, and the global regulators fis and himA (encoding integration host factor; IHF) mRNA levels by~3.8-and~6.2-fold, respectively (Table 1) . Noteworthily, transcripts for the newly identified gene encoding the RNA chaperone protein Hfq were also increased~3.2-fold, and for csrA were increased 9.3-fold in AT O157 : H7 (Table 1) .
Other global regulators, including bipA, phoQ/P, hns, hha, eivF and etrA, were not affected by the acid treatment (Table 1) .
Stx genes. Expression of stx2A and stx2B, encoding Stx2 A and Stx2 B subunits, respectively, was increased in AT *Data are presented as relative fold expression (RFE) and represent the changes in extent of transcription compared with that of NAT bacteria in vitro (assigned a value of 1.0). DData are expressed as the mean±SD for RNA extracted in four to six biological replicates. dNAT indicates no acid treatment. §AT indicates exposure to pH 2.5 for 3 h. ||Control loops were inoculated with EMEM medium only.
Indicates P,0.05 as compared with NAT bacteria in vitro. # Indicates P,0.05 as compared with NAT bacteria in the loops.
Adherence of acid-resistant E. coli O157 : H7 O157 : H7 by 8.2-and 9.9-fold, respectively, compared with NAT bacteria (Table 1) .
Genes for secreted proteins, stress response and other putative virulence factors. The genes encoding secreted proteins ent/espL2 (formerly senA), nleA and nleB, as well as genes for espFu, espJ, espP and exhA, were not significantly changed by acid treatment (Table 1) .
Putative virulence genes bfr, bax, yhbM and Z0371 were examined. Transcripts of these factors were increased in the AT bacteria (Table 1) , suggesting possible involvement of these factors in the acid-resistant phenotype of EHEC O157 : H7 (Table 1) .
Effect of acid exposure on the expression of virulence-related genes in bacteria from pig ligated intestine
Inhibition tests confirmed that the contents of the pig intestine had no detectable inhibitory effect on cDNA synthesis and PCRs (data not shown). Acid treatment did not change intestinal transcript levels for the genes examined, except for ureD, bax and pagC, and the following data indicate changes of transcript levels between the in vitro and in vivo conditions independent of acid treatment, unless otherwise stated.
The GDAR system and ureD. Contrary to the elevated expression of GDAR genes in vitro, gadA and gadC were expressed at very low levels in the intestine (Table 1) . Similarly, regulators of the GDAR system, including gadE, gadX and gadW, were also expressed at very low levels in the intestine (Table 1) . Expression of ureC was significantly lower under in vivo conditions than in vitro (Table 1) . However, ureD was expressed at high levels in the intestine by both AT and NAT bacteria, and ureD transcripts were significantly lower in AT bacteria than in NAT bacteria in the intestine (Table 1) .
Expression of LEE genes and other adherence-related factors. In the intestine, genes from the LEE were expressed at relatively high levels, except for grlA and grlR, which showed lower expression in the intestine (Table  1) . Putative adherence-related factors cahA, iha, efa19-a, efa19-b and lpf2 were also expressed at relatively high levels. Remarkably, expression of ehaA in the NAT bacteria in the intestine was~2.5-fold higher than under in vitro conditions (Table 1) . Transcripts for fliC and ompA were almost undetectable and significantly lower, respectively, in the intestine (Table 1) .
QS and global regulators. QS genes were expressed at low levels in bacteria from the intestine, except qseC, qseE and qseF, which showed high expression levels close to those of the NAT bacteria in vitro (Table 1) .
Global regulatory genes hfq, cyaA, lrp, bipA, phoQ/P and csrA were all expressed at low levels by bacteria in the intestine; cyaA was almost undetectable (Table 1) . However, the positive regulators fis and himA showed relatively high expression in bacteria from the intestine (Table 1) .
Genes encoding toxins, secreted proteins, stress response and putative virulence factors. Stx genes stx2A and stx2B were expressed at significantly lower levels by bacteria in the intestine compared with in vitro conditions (Table 1) . Genes ent/espL2 and pagC, both located in O-island 122, were expressed at lower levels in AT bacteria from the intestine than in vitro; interestingly, pagC was expressed at a significantly lower level in the AT bacteria than in the NAT bacteria in the intestine (Table 1) . The stress response genes rpoS and rpoE (sigma E) were also expressed at low levels ( Table 1) . Expression of stcE in vivo, and in AT bacteria in vitro, was lower compared with its expression in NAT bacteria in vitro (Table 1 ). On the other hand, stress response genes katP and chuA had high expression in the intestine. Notably, chuA expression was 4.7-fold higher in the NAT bacteria in the intestine compared with in vitro conditions (Table 1 ).
In the intestine, the transcripts for bax were significantly lower in the AT bacteria compared with the NAT bacteria (Table 1) . Putative virulence factors bfr, yhbM (NlpI) and z0371 were expressed at lower levels in the intestine than under in vitro conditions (Table 1) .
DISCUSSION
AR is important for the survival of enteric pathogenic bacteria in low-pH environments and for the low infectious dose of EHEC O157 : H7 (Gyles, 2007; Teunis et al., 2004) . However, little is known about the genes associated with AR of bacteria in the host intestine. The present study examined adherence and gene expression in E. coli O157 : H7 in vitro and in vivo following exposure to pH 2.5.
Acid treatment caused decreased adherence by E. coli O157 : H7 to cultured cells in vitro. Although LEE gene expression was not significantly decreased, a trend towards reduced expression was observed. Post-transcriptional regulation might also occur to further reduce the levels of functional LEE gene-encoded proteins. In addition, toxB and stcE were significantly decreased by this acid treatment, which might contribute to the decreased adherence phenotype.
GadE, RpoS and Hfq are reported to negatively regulate LEE gene expression (Dong & Schellhorn, 2009; Shakhnovich et al., 2009) , and deletion of gadE results in increased adherence of O157 : H7 bacteria to Caco-2 cells and upregulation of the LEE (Kailasan Vanaja et al., 2009; Tatsuno et al., 2003) . Consistent with these studies, the present study showed increased expression of gadE, rpoS and hfq associated with a decrease in adherence of AT E. coli O157 : H7. These data also suggest that hfq might be involved in the acid response. QS protein SdiA has been shown to contribute to the AR of EHEC O157 : H7 (Hughes et al., 2010) , and cAMP has been suggested to play a role in repressing LEE gene expression (Yin et al., 2011b) . The increase in expression of QS genes qseB/C, qseE/F and cyaA (cAMP) by the acid treatment supports the notion that QS and cAMP may contribute to regulation of the acid response by E. coli O157 : H7 (Yin et al., 2011b) . Nevertheless, intracellular cAMP levels have been shown to be reduced by a mildly low pH of 5.5 compared with pH 8.0 in E. coli K-12 (Ma et al., 2003) . This discrepancy might be due to the fact that the effect of pH on cAMP levels is dependent on the culture medium and on the severity of the acidity (Ma et al., 2003) . Furthermore, there are strain variations in the acid response.
The contribution of urease to the AR of E. coli O157 : H7 is not clear, and there is uncertainty about the transcriptional organization of the urease gene cluster ureDABCEFG (Mobley et al., 1995) . Our data showed that ureD and ureC were differentially expressed, whereby ureD was highly expressed after acid treatment and in the pig ligated loops, while ureC was expressed at a low level. Although most EHEC strains show negative urease activity in vitro, a functional urease is speculated to be produced in the host intestine (Steyert et al., 2011) . Regulation of the urease genes in EHEC requires further investigation, since urease may have a significant function in E. coli O157 : H7 colonization and pathogenesis (Steyert et al., 2011; Yin et al., 2009b) .
Expression of the Stx genes stx2A and stx2B in vitro was significantly increased by the acid treatment; however, in the loops of pig intestine the expression was repressed sharply. It has been reported that molecules secreted by the microbiota of the human intestine induce repression of stx2, independent of the QS genes sdiA, qseA and qseC (de Sablet et al., 2009). We observed that sdiA and qseA were expressed at low levels in the intestine; however, qseE/F were expressed at high levels in the intestine, at levels close to those of NAT bacteria in vitro. The biological functions of QseE/F in virulence gene regulation in vivo require further investigation.
It is known that culture conditions affect virulence gene expression and adherence of bacteria, at least in vitro (Yin et al., 2011a, b) . However, when bacteria enter the host intestine, the in vitro gene expression and phenotype are altered by the intestinal environment. This may be due, at least in part, to the effect of the intestinal microbiota. This hypothesis is supported by the present study, which shows that AT O157 : H7 bacteria have lower frequencies of adherence and increased expression of AR genes than NAT bacteria in vitro. Nonetheless, when both groups of bacteria were compared in the pig ligated intestine, they had similar adherence. Moreover, the LEE-repressive genes, including gadE, cyaA and hfq, were activated in the AT bacteria in vitro but were repressed in the loops. We cannot rule out the possibility that the longer incubation time in the loops (16 h) might have allowed the bacteria to adjust to the new environment, while the 6 h in vitro adherence assay may not have provided sufficient time. However, in separate experiments, after acid treatment, the bacteria were cultured in BHIN overnight, then subcultured for another 16 h prior to use in the in vitro assays; a reduced-adherence phenotype was still observed (data not shown), suggesting that the effect of acid exposure and the AR response remained active for prolonged periods in vitro, which is consistent with the report that AR, once induced, can last for up to a month (Lin et al., 1996) . Therefore, the similarities in phenotype and gene expression between the AT and NAT O157 : H7 bacteria are attributable to the effects of the intestinal environment.
Intestinal cues may include factors from the host and from the microbiota, and from the intestinal environment, such as alkaline pH, high NaHCO 3 and short-chain fatty acids (SCFAs), which affect virulence gene expression in the intestine (Keeney & Finlay, 2011; Nakanishi et al., 2009; Yin et al., 2011b) . SCFAs, such as butyrate at 6.25 to 25 mM, have been shown to enhance LEE gene expression via Lrp (Nakanishi et al., 2009) . It is hypothesized that upon entering the distal ileum (20-40 mM total SCFAs) (Argenzio et al., 1974) , EHEC may respond to SCFAs or other molecules produced by the microbiota by increasing its virulence gene expression, leading to efficient colonization of the target niche (Keeney & Finlay, 2011; Nakanishi et al., 2009) . This is supported by recent studies that show that metabolites secreted by host microbiota alter E. coli O157 : H7 virulence properties such as colonization and virulence gene expression (de Sablet et al., 2009; Hughes et al., 2010) .
Combinations of intestinal factors and bacterial growth conditions influence the intestinal adherence of O157 : H7 injected into the intestine. There is large variation in adherence in intestinal loops in littermate pigs challenged with O157 : H7 bacteria from the same growth condition and medium (Yin et al., 2009a (Yin et al., , 2011a . This observation suggests that microbiota-dependent suppression or activation of virulence gene expression may be a major factor in colonization of the intestine by O157 : H7 bacteria.
In summary, we showed that AT O157 : H7 bacteria had reduced adherence to cultured cells in vitro, concomitant with reduced expression of toxB and stcE, and a nonsignificant reduction in expression of the LEE genes and increased expression of gadE, hfq, cyaA and QS genes. Further experiments are required to establish the relationship of cyaA, hfq and QS genes to AR, and their role in bacterial colonization of the host intestine. In the intestine, AT and NAT O157 : H7 caused similar levels of colonization, and the expression of gadE, hfq, cyaA and stx2 was low, while ureD was highly expressed. The differential virulence gene expression and adherence of AT O157 : H7 in vitro and in vivo might be due to factors related to the intestinal environment, including the microbiota. The data reinforce the observation that findings from in vitro studies may not apply to the in vivo condition.
